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REMARKS 



The Office Action of March 23, 2006 has been carefully studied. 
Applicants note the indication of claims 14, 16-18 and 22 containing allowable 
subject matter 

Applicants have amended claim 14 (lines 27 and 32), claim 20 (lines 12 and 17), 
daim 22 (line 8), and claim 24 (line 18), as suggested In paragraph 1, page 2 of the Office 
Action. Concerning the comments about "can flow" in claim 7 (line 4) and claim 24 (line 
20), the use of the word "can" is correct. The words "can flow" should not be changed to - 
flows - because at the time the circuit of claims 7 and 24 is sold, current does not flow. It 
IS Important for apparatus claims to define subject matter that Is infringed at the time ttie 
goods are sold, prior to being put into use. The Examiner Is requested to provide a case 
citation to support his position that "can flow" should be changed to - flows bearing in 
mind that the test to determine if a claim complies with 35 U.SG. §1 12, second paragraph, 
is whether a member of the public can determine if an existing or planned product infringes 
the daim. Qaim 1 1 , lines 3 and 4, have been amended as suggested. 

The present amendment overcomes the rejection of claims 11,12 and 24-36 under 
35 U.S.C. 112, second paragraph. Applicants submit new claims 27-29 that define their 
contribution to the art in a manner not disclosed by the art of record. 

Applicants traverse the anticipation rejection of claims 1 , 3, 7 and 8 based on Love, 
U.S. Patent 5,068,553. The Office Action incorrectly alleges Love disdoses pulse shaping 
circuitry for preventing both source drain paths of field effect transistors 86 and 88 firom 
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being on simultaneously. It is well known that Inverters of the type illustrated by inverter 90 
of Love have a short circuit current simultaneously flowing through both the NFET and the 
PFET in response to the NFET and PFET transitioning between the on and off states 
thereof, in this regard, pages 1 72-190, Chapter 6, and a portion of Chapter 12 of Kang et 
ai., CMOS Digital Integrated Circuits Analysis and Design (all of which are enclosed as 
Applicants' Exhibit 1) indicate such a short circuit current simultaneously flows through the 
NFET and PFET of inverters of the type disclosed by Inverter 90 of Love, Figure 5.1 7, on 
page 1 75, and the description thereof indicate inverter 90 of Love (see Figure 5, 1 6 on 
page 173 of Kang et al.), both the PFET and NFET are in saturation for a considerable 
range of input voltages at the common gates of the NFET and PFET. Kang et al. 
discusses this situation, for example, on page 189 In the section entitled "Power and Area 
Considerations," where it is stated: 



In many applications requiring a low overall power consumption, 
CIVIOS is preferred over other circuit alternatives for this reason. It 
must be noted, however, that the CIVIOS inverter does conduct a 
significant amount of current during a switching event, i.e., when flie 
output voltage changes from a low state to a high state, or from a 
high state to a low state. 

The power dissipation occurring as a result of switching and such CIVIOS type inverters is 

also discussed in detail in section 6.7, pages 243-245 of Kang et al., and pages 456-460 

of Kang et al. The first two sentences of the second full paragraph on page 245 state: 

Note that under realistic conditions, when the input voltage waveform 
deviates from ideal step input and has non-zero rise and fall times, for 
example, both the nMOS and the pMOS transistor will simultaneously 
conduct a certain amount of current during the switching event. This 
is called a short circuit current, since In this case, two transistors 
temporarily form a conducting path between Vdd and the ground. 
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While the Love circuit differs somewhat from the inverter disclosed by the Kang et 
al. reference, because of the connection of NFET device 80 as a capacitor between the 
gates of PFET 86 and NFET 88 and ground, the NFET device does not prevent 
simultaneous flow of cun-ent through the source drain paths of PFET 86 and NFET 88. 
During a negative going transition of the voltage Vin, capacitor 80 is switched off, as 
indicated by waveforms 102 and Vre in Figures 5a and 5b of Love; if capacitor 80 were 
switched on during most of the negative going transition of Vin, wavefbmris 102 and Vre 
would start substantially simultaneously with the beginning of the negative going 
transftfons of Vin. Because capacitor 80 is switched off during the vast majority of the 
negative going transition of Vin from the power supply voltage to ground, the transition is 
coupled without any substantial delay to the gates of both PFET 86 and NFET 88. 
Consequently, both PFET 86 and NFET 88 are simultaneously on during the transition as 
described by Kang et al. Dependent claims 3, 7 and 8 are allowable for the same 
reasons advanced for claim 1 , upon which claims 3, 7 and 8 depend. 

Applicants traverse the rejection of claims 1 , 3, 7-12, 20, 21 and 23-26 as being 
unpatentable over Bui et ah, U.S. Patent 6,201.752, in view of Wanlass, U.S. Patent 
3,356,858. Independent claims 1 and 24 distinguish over the proposed combination by 
requiring pulse shaping circuit type presenting both source drain paths from being on 
simultaneously. 

The Office Action proposes to employ an inverter, such as disclosed by Wanlass, 
as inverter 809 of Bui et al. The Wanlass inverter suffers from the same problems as the 
Love inverter, as indicated by the Kang et al. book. As a result, the Wanlass inverter does 
not meet the requirement of claim 1 or claim 24 for pulse shaping circuitry for preventing 
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both source drain paths from being on simultaneously. The connections of capacitive 
elements 807 and 808 to the input tenninal of inverter 809 do not prevent the type of 
operation disclosed by Kang et al. from occumng in the Wanlass inverter. This is because 
the gate electrodes of the Wanlass field effect transistors are driven in parallel by the 
voltage on lead 804. Consequently, the same voltage is applied to the gate electrodes of 
both transistors in the Wanlass inverter, thereby causing the simultaneous presence of 
current flow through the Wanlass transistors, despite the delay characteristics associated 
with capacitive elements 807 and 808. 

Independent claim 20, as amended, distinguishes over the proposed combination 
of Bui et al. and Wanlass by requiring the source drain path the second transistor. I.e., one 
of the transistors of the inverter of the pulse shaping circuitry, to be connected directly 
between the output temriinal of the inverter and one of the power supply temiinals so that 
the voltage at the one power supply terminals is always applied directly to the output 
terminal of the inverter by the source drain path of second transistor while the source drain 
path of the second transistor is switched on. In Bui et al., the inverter including PFET 802 
and NFET 806 includes resistors 803 and 804. Current flows through resistor 803 while 
PFET 802 is switched on. Cunrent flows through resistor 805 while transistor 806 is 
switched on. Consequently, the foregoing limitation of claim 20 Is not found In the applied 
art. 

Dependent claims 3, 7-12, 21 , 23, 25 and 26 are allowable for the same reasons 
advanced for the claims upon which they depend. In addition, claim 12, as amended, 
requires the source drain path of the another PFET of tfie inverter to be connected directly 
between the output temninal of the inverter and one of the power supply terminals so that 
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the voltage at the one power supply terminal is always applied directly to the output 
tenninal of the Inverter via the source drain path of the another PFET of the inverter while 
the source drain path of the another PFET of the inverter is switched on. Dependent claim 
25 is similar to claim 12, but refers to the NFET of the Inverter, instead of the PFET of the 
inverter. 

New claim 27 depends on claim 1 , and is allowable therewith. In addition, new 
daim 27 requires the voltage source to have transitions in both directions between the first 
and second levels. The pulse shaping circuit is ananged for preventing both source drain 
paths from being on In response to the transitions in t)oth directions. There is no art of 
record describing such operation in the circuit of claim 1 . 

New claim 28 distinguishes over the art of record by requiring a first resistive . 
element to be connected to be responsive to the voltage at a first signal tenninal for 
directly supplying cunBnt to a first capacitor and the gate electrode of a first transistor, 
without directly supplying current to the gate electrode of another of the transistors, 
wherein the transistors are a PFET transistor and an NFET transistor having source drain 
paths connected in series between first and secxjnd opposite DC power supply terminals. 
The capacitor is required to be a FET device having a conductivity type opposite that of 
the first of the transistors. The FET device Is required to include first and second 
electrodes connected between the gate electrodes of the first of the transistors and the 
power supply temriinal for supplying current directly to the source drain path of the second 
of the transistors. 

New daim 29 depends on claim 28, and is allowable therewith. Claim 29 further 
distinguishes over the art of record by requiring a second resistive element to be 
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connected for supplying current to a second capacitor and the gate electrode of an NFET 
transistor without directly supplying current to the first capacitor and the gate electrode of a 
PFET transistor that claim 29 indicates is the first transistor of ciaim 28, In addition, the 
second capacitor is required to be a PFET device having a first electrode connected 
between the gate electrode of the NFET transistor and a second electrode connected to 
the first power supply tennlnal. The foregoing is not disclosed by the art of record. 

In view of the foregoing amendments and remarks, favorable reconsideration and 
allowance are in order. 

To the extent necessary, a petition for an extension of time under 37 C.F.R. 1 .1 36 
is hereby made. Please diarge any shortage in fees due in connection with the filing of 
this paper, including extension of time fees, to Deposit Account 08-2025, and please credit 
any excess fees to such deposit account 
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CHAPTERS 



Next, substitute in the KCL equation (5.42), to obtain 

2{2.(V^-l).(0.5V,;,-0.55)-(0.5V,„-a55)']=i-(Z95f 
The solution of this simple quadratic equation yields two values for V^^ . 



35 V 
V 



where K^^=2.43 Vis the physicaUy correct solution. Theoutputvoltagelevelatthis point 
is calculated as 

=a5 Z43-0. 55=0.67 V 

With this updated output voltage value, we can now reevaluate the load threshold voltage 
^r.to«rf(^a«i - V) = ^2.9 V. and the (dV^.^ / V^J value as 



-aia 



Note both of these values are fairly close to those used at the beginning of this iterauon | 
process.Repeatingthoiterativecalculationwmpiovideonlyamarginalmipiovem - 

accuracy, thus, we may accept » 2.43 V as a good estimate. 

In conclusion, the noise margins for high signal levels and for low signal levels can be 
found as follows: 

iVM,,«Vo««V^»2.57V 



- ■ 

i' 



5.4. CMOS Inverter 

AUof the inverter circuits considered so far had the general circuit structure shown inFig. 
5.3, consisting of an enhanc<anent-type nMOS driver transistor and a load device which 
can be a resistor, an enhancement-type nMOS transistor, or a depledon-type nMOS 
transistor acting as a nonlinear resistor. In this general configuration, the input signal is 
always applied to the gate of the driver transistor, and the operation of the mverter is 
coniroUed primarily by switching thedriver.Now, we will turnour attention toar^^^ 
different inverts- structure, which consists of an enhancement-type nMOS transistor and 
an enhancement-type pMOS transistor, operating in complementary mode (Fig. 5.16). 
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•This configuration is called Complementary MOS (CMOS). The circuit topology is 
: jcomplementary push-pull in the sense that for high input, the nMOS transistor drives 
i(pulls down) the ou^mt node while thepMOS transistor acts as the load, and for low input 
tl^ pMOS transistor drives (pulls up) the output node while the nMOS transistor acts as 
tfae load. Consequently, both devices contribute equally to the circuit operation charac* 
teristics. 
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Figure 5./<K. (a) CMOS hiverter circuit (b) Sim|^ified view of the CMOS inverter, consisting 
of two coniplementaiy mniideal switches. 

The CMOS inverter has two important advantages over the other inverter configu* 
rations. The first and perhaps the most important advantage is that the steady-state power 
dissipation of the CMOS inverter circuit is virtually negligible, except for small jJower 
dissipation due to leakage cunents* In all other inv^cr struaures examined so far, a 
nonzero steady-state current is drawn from tike power source when the driver transistor 
is turned on, which results in a significant DC pow^ consumption. The other advantages 
of the CMOS configuration arc that the voltage transfer characteristic (VTC) exhibits a 
full output voltage swing between Q V and V^^, and that the VTC transition is usually very 
shaip. Thus, the VTC of the CMOS inverter resembles that of an ideal inverter. 

Since nMOS and pMOS transistors must be fabricated on the same chip side- by-side, 
the CMOS process is more complex than the standard nMOS-only process. In particular, 
the CMOS process must providean n-type substrate for the pMOS transistors and a p- type 
substrate for the nMOS transistors. This can be achieved by building either n-type tubs 
(wells) on a p-type wafer, or by building p-type tubs on an n-type wafer (cf . Chapter 2). 
In addition, the close proximity of an nMOS and a pMOS transistor may lead to the 
formation of two parasitic bipolar transistors, causing a latch-t^ condition. In order to 
prevent this undesirable effect, additional guard rings must be built around the nMOS and 
the pMOS transistors as well (cf. Chapter 13). The Increased process complexity of 
CMOS fabrication may be considered as the price being paid for the improvements 
achieved in power consumption and noise margins. 
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CHAPTERS m Fig- 5.16, note th»t Ac input voltage « connected to ^^""^'b^S* ^ 

^^^^'^^ nMOS and the pMOS transistors. Tlius. both tnmsistors are ^ 

stenal V . The substrate of the nMOS transistor is connected to the ground, while^ 

r.;i;^oflc;MOS transistor is connected toU^epowersu^^^^^ 

to reverse-bias the source and drain junctions. Since ^szr ^^for boAdeviwMwre wui 

£^sute^^e-biaseffectforeitherdcvice.Itcanbeseenf™mthecir^^ 

S.ldtbat 



and also. 



VcS.p'-iVDD-yin) 



(5.51) 



(5.52) 



We willstartouranalysisby considering two sunplec«es.Wl^n*e^^^ 

is smaller than the nMOS threshold voltage. i.e., v-heo < W 

Is cut-off. At die same time, the pMOS transistor is on. operating 

SiSe the drain cuiients of both transistors are appro«mately equal to zco (esccpt ft>r 

small leakage currents), i.e.. 

the drain-to.soun» voltage of the pMOS transistor is also equal to ^ero. and the output 
voltage Vfff, is equal to the power supply voltage. 



(SJ4) 



On the other hand, when the input voltage exceeds P*^^ ^ 

turned off. In this case, the nMOS transistor is operating "*«^'?^r?^^":°"*J^^ *X 
volume is ec^ual to zero bei««e condition (5.53) Is satttfied. Consequently, the 

output voltage of the circuit is 



(5.55) 



Next we examine the operating modes of the nMOS and the pMOS transistors as 
isexti we examioB luc wpn«uue Tu.»„Mri«i transistor operates m io/Hratton 

functions of the input and output voltages. The nMOS transistor opcnu 
if > Vto„ if the following comUtion is satisfied. 



T0,« 



(5.56) 
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The pMOS transistor operates in satumthn if V^^ < {Vpjy + V^p, and if : 



175 




''TO* 



InputVottage (V) 



Figun$.l7* Operating regions ofthenMOS and the pMOStran^stors. 

Bothof these conditicms for device saturation are iUustratedgtaphically as shaded areas 
on tbeV^-V^planeinFig.5.17.AtypicalCMOS inverter voltagetrans^^ 
is also st^mposed for easy reference. Here, we identify five distinct regions, labetod 
A tfnough E. each corresponding to a different set of operating conditions. The UWe 
below lists these regions and die corresponding arhical ii^>ut and outwit volta^ levels. 
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CHAPTH15 



In Region A, where < V„ „, the nMOS transistor is cut-off and the output voltage 
is equal to Vo„= Vno- As the input voluge is increased beyond „ (mto Region B). the 
nMOS iran^stor starts conducting in saturation mode and the output voltage begins to 
decrease. Also note that the critical voltage V,^ which corresponds to i<'Vcui'f^t«> 7 
is located within Region B. As the output voltage further decreases, flie pMOS transistor 
enters saturation at the boundary of Region C. It is seen from Fig. 5.17 that theinvatet 
threshold voltage, where = V^^, is located in Region C. When the output votoge V^, 
faUs below (V, - ), the nMOS transistor starts to operate in linear mow. Ibis 
corresponds to Region D in Fig. 5.17. where the critical voltage point V,^ with (dV^ 
dVJ = -l isalso located. FinaUy.inRegionE. with the input voltage Vj„>(Koi>+ ^njf' 
tbe'pMOS transistor is cut-off. and the output voltage is V^^ = 0. 

In a simplistic analogy, the nMOS and the pMOS transistors can be seen as nearly 
ideal switches-controlled by the input voltage- that connect the output node to thepo wer 
supply voltage or to the ground potential, depending on the input voltage level. The 
qualitative overview of circuit operaUon, Ulustrated in Rg. 5.17 and discussed above, 
also highlights the complementary nature of the CMOS inverter. The most significant 
feature of this circuit is that the cunent drawn firom the power supply in both of these 
steady-state operating points, i.e., in Region A and in Region E, is nearly tqoa to xtto. 
Theonly cunent that flows in either case is the very small leakagecutrent of tbetevarse- 
biased souree and drain junctions. The CMOS inverter can drive any load, such as 
interconnect capacitance or fenout logic gates which are connected to its ou^ut node, 
either by supplying current to the toad, or by sinking cunent from the load. 

The steady-staw input-output voltage characteristics of the CMOS mvearter can be 
bettervisuaUzedby considering the interaction of individual nMOS and pMOS transistor 
chanictenstlcs in the cunent- voltage space. We already know that the drain cunwjt /^^ 
of the nMOS transistor is a function of the voltages V,^ and V^. Hence, the nMOi 
drain current is also a function of the inverter ir^ut and output voltages Kj, ana v,^ 
according to (S.S1). 

This two-variable function, which is essentiaUy described by thecuirent equations (3.54) 
through (3.56). can be represented as a in the three-dimensional current-voWage 

space. Figure 5-18 shows this /^^(V;. . V^) aurface for the nMOS transistor. 

Similarly, the drain current I^^ of the pMOS transistor is also a flinction of the 
inverter input and outpvt voltages <^ and V^, according to (5.52). 

This two-variable function, described by thecurrent equations (3.57) through (3.59),can 
be represented as another surface in the three-dimensional current-voltage space. Figure 
5.19 shows the corresponding (V^ . surface for the pMOS transistor. 
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Ftgur, 5,2(K Inteisectionof tt>c current-volttje surfaces shown in Figures 5.18 »nd 5.19. 
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Figur. 5.2L Tbc inicrscodng cuneni-voltaee surR^es shown from 

that projection of the Interaeciion curve on the voltage plane gives the VTC. 



>AGE 31/52 " RCVD AT 6/22/2006 2:50:08 PM [Eastern Dayligm nme] * SVR:USPT0-EFXRP-2/1 9 * DNIS:2738300 " CSIO:70351 85499 ' DURATION (mm-ss):36- 



Q6/22/20Q6 THU 15t07 FAX 7 0 3 5 1 8 54 9 9 ^ g]0 32/ 0 5 2 



^5 



and 5. 19. 



Remember that in a CMOS inverter operating in steady-state, the drain current of the 
nMOS transistor is always equal to the drain current of the pMOS transistor^ according 
foKCL. 

Thus, the inUrsectkm of the two current-voltage surfaces shown in Pigs. 5.18 and 5.19 
will give the operating curve of tiie CMOS inverter ckcuit in the three-dimensional 
current- voltage space. The intersection of the two characteristic surfaces is shown in Fig. 
5.20. The intersecting surfaces are shown from adifferent viewing angle inFig, 5.21, with 
the intersection curve hi^lighted in bold. 

It is clear that the .v^cal projection of Ae intersection curve cm the - V^^ plane 
produces the typical CMOS inverter voltage transferduuracteristic already shown in Fig. 
5.17. Similarly, the horizontal projection of the intersection curve on the Ip - plane 
gives the steady-state current <^a wn by the inverter from the power supply voltage as a 
function of the input voltage. In the following, we will present an in-depth analysis of the 
CMOS inverter static characteristics, by calculating Che critical voltage points on the 
VTC. It has already been esUblished that Vq^^ « V^^ and V^^ « 0 for this inverts, thus, 
we will devote our attention to K^, V}^ and the inverter switching threshold, V,^. 



CalcubaionofVj 



By definition, the slope of the VTC is equal to 1), i.e., dV^i dV^ = -1 when the input 
voltage is SB v^. Note that in this case, the nMOS transistor operates in saturation while 
thepMOS transistor operates in the linearregion. Fromlp^ = 7^^, we obtain the following 
current equation: 
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wing angle. 



Using equations (5,51) and (5.52), this expression can be rewritten as 



{5.59) 



To satisfy the derivative condition at Vj^, we differentiate both sides of (5 .59) with respect 



(5.60) 
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substituting V. = V,, and (^^/-V J = -I in (5.60). we obtain 

Th8 critical voltage V„ can now be found as a ftinction 
follows: 



(5.61) ;1| 
of the output voltage V^^ as 

<5.62) 



Tl 



A 
o' 



where fco is defined as 



•.V, fh. KCL eauation (5.59) to obtain the 
This aquation must be solved together with y .Note that the solution 

^S^cri^vaU^eofV andthccones^n^^^^^ 



1 

e 
\ 
i 
c 



CaleutationofVjg 



and the pMOS transistor operates in saturation. APP ? 
obtain 



Using equations 



(5 Jl) and (5.52). this «pressl«m can be rev«i«en as 



NOW, differentiate both sides of (5.64) with respect to V^. 



2 



=ikp-(v*.-Vi,D-Vro,p) 



(5.63) 



(5.64) 



(5.65) 



Substituting = V,^ 



= V,„ and (dV^/^J = -1 » <5.65). we obtain 
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The critical voltage can now be found as a function of as follows: 



(5.66) 



(5.67) 



Again, this equation must be solved simultaneously with the KCL equation (5.64) tx> 



obtain the num^cal values of and V^. 



OOcuUOionofV^ 

The inverter threshold voltage is detined as V,^ = = V^^, Since the CMOS inverter 
exhibits large noise margins and a very sharp VTC transition, the inverter threshold 
voltage emerges as an important parameter characterizing the DC performance of the 
inverter. For = bodi transistors are expected to be in saturation mode; hence, we 
can write the following KCL equation. 



Replacing and in (5.68) according to (5 Jl) and (5 .52), we obtain 
The correct solution for for this equation is 



2 



(5.68) 



(5.69) 



|l+^j=»Vo,-+^-(V£«, + Vro.p) 
Fmaliy, the inverter threshold (switching threshold) voltage V^^ is found as 

^ — 



(5.70) 



(5.71) 
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.^r: A^cV =iV .When the input 
NotcthatthcinverterAn«*oldvolUge,sdeftn^^^^ 

value between (V,^- ) "JV' sesmeat corresponding to Region C 

in this analysis. This is due to the fact that .,^„gtb modulation effect is 

fixed values of YpQ, Vj^ and 



1 




1 



0 0.5 1 1.5 2 

Transconduciance Ratio = (kn/ M 

cunentfiom the power sou«». except fOTSinallleatog^^ ^ 
the input voltage is either smaller tlu.n V^^ >^«^^ 

the pMOS transistors conduct a no^«° ^"^2- 2^„u shown that the current 
andhigh-to-low transitions, i.e., m Regions C« ""^ 3^ value when V„ = 
being lawn from the power 3"^:^^ arc opera^ng 

V In other wor^. the transfer characteristic of a typical 

in saturation mode. Figure 5.23 shows ^"J'""* as a function of the input voltage. 
CMOS inverter circuit and the power supply can^i, as a lunci 

Design of CMOS Inverters 

thaicharacterlzethesteady-statemput-outputbehavioroiui 
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CMOS inverter can, by virtue of its complementary push-pull operating mode, provide 
uM\ output voltage swing between 0 and V^^ and therefore, the noise margins are 
relatively wide. Thus, the problem of designing a CMOS inverter can be reduced to 
setting the inverter threshold to a desired voltage value. 
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Pigare 5,23. Typical VTC and the power supjriy current of a CMOS inverter circuit. 

Given the power supply voltage Vp^» the nMOS and the pMOS transistor threshold 
voltages, and the desh-ed inverter threshold voltage V^, the corresponding ratio k^^ can be 
found as follows. Reorganizing (5.71) yields 



(5.72) 



Now solve for that is required to achieve the given V^^. 

Recall diat the switching threshold voltage of an ideal inverter is defined as 

1 



(5.73) 



m 



(5-74) 
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Substituting (5.74) in (5.73) gives 



\] r 0.5V^o-fV-ro.pY 



(5.75) 



for a near-ideal CMOS VTC that satisfies the condition (5.74). Since the operations of 
the nMOS and the pMOS transistors of Ae CMOS inverter are fully complementary, we 
can achieve completely symmetric input-output characteristics by setting the threshold 
voltages as ^m- '^idJ* "^^'^ reduces (5.75) to: 



(t) 



symmenic 
mverter 



= 1 



(5.76) 



Note that the ratio is defined as 



(5.77) 



assuming that the gate oxide thickness f^, and hence, the gate oxide capacitance C^^ have 
the same value for both nMOS and pMOS transistws. The unity-ratio condition (5.76) for 
the ideal symmetric inverter requires that 



^ /'£^^230 cm'/Vs 



Hence, 



(S 



(5.78) 



(5.79) 



It should be noted that the numerical values used in (5,78) for electron and hole mobilities 
are iypical values, and that exact ai, and fA^ values wiU vary with surface doping 
concentration of the substrate and the tub. The VTCs of three CMOS inverter circuits with 
different Jt^ ratios are shown in Fig. 5.24. It can be seen clearly that the inverter threshold 
voltage Vff^ shifts to lower values with increasing ratio. 
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Figm 5,24. Volume transfercharacterislicsofUim CMOS inverters, with clif^^ 
pMOS ratios. 

For a symmetric CMOS invertw^ with v:^ „ = | and A:^ 1, th© critical voltage 
can be found, using (5.62), as follows: 



Also, the critical voltage V^^f is found as 



(5.80) 



(5.81) 



g 
h 
i 



Note that the sum of V^^ and V^^ is always equal to V^^ in a symmetric inverter. 

The noise margins NM^ and /VAf^ for this symmetric CMOS inverter are now calculated 
using (5.3) and (5.4). 
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which are equal to each other, and also to V,^. 



(5.83) 



(5:84) 



Example 5.4 



Consider a CMOS inverter circuit with the followiag parameters : 



• 2,3 V 

=-0.7V 

Jfc^= 200|WV2 

Calculate the noise margins of the circuit. Notice that the CMOS inverter being 
consiicied hwe has = 2.5 and Vj^ „ ^ {^i^pV h^nce, it is not a symmetric inverter. 

First, the output low voltage V^^ and the output high voltage are found, usuoig (5.54) 
and (5.55), as V^^«Oand K^,^ 5.5 V. To calculate V}jj^ in terms of the output voltage* we 
use (5.62). 



^2y^-0.7-^3-M5^^3^ 

1+2,5 ^ 

Now substitute this expression into the KCL equation (5^9). 

2.5(0.57^^^-0.71-0.6)^ =2(0. 57V^^-0.71-i3+a7)(v;^-13)-{V«rf-a3)^ 

This expression yields a second-order polynomial in 1/^,, as follows: 

a66V^^+O.O5V^-6L65«0 

Only one root of this quadratic equation corresponds to a physically correct solution for 
V^(i-e..V;^,>0). 
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From this value, we can calculate the critical voltage V^^ as: 
V/^=0.57.3.14-a71 = L08V 

To calculate Vj„ in terms of the output vohage, use (5.67): 
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_ 13-Q.7+2.5{2V^+0.6) _^ 
1+2.5 



L 43 +1.17 



Next, substitute this expression into the KCL equation (5.64) to obtain a second-orcier 
polynomial in V^. 

2.5[2(i 43 K«, +1,17-0.6) V;^-V;«,^]=(L43V^-L43)^ 

2. 61 V^^ +d 94 1/^ - 2. 04«0 

Again, only one root of this quadratic equation corresponds to the physically correct 
sohition for at this operating point, i.e., when V.^ » 

7* 

1^=^0.27 V 

From fhb value, we can calculate the critical voltage V^ff as: 
V7^~I43-a37+L17=L55V 

Finally, we find the noise margins for low voltage levels and for high voltoge levels using 
(5.3) and (5.4). 



Supply Voiiage Scaling in CMOS Inverters 

In the following, we will briefly examine the effects of supply voltage scaling, i.e., 
reduction of V^^, upon the static voltage transfer characteristics of CMOS inverters. The 
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supply voltage emerges as one of the most ^^^^lyj^^^^^^^^J^^ 
de^gn-WhUesuchieductionis usually veiyeffecUv6.scY«^^ 

be 4dessed so that the system performance b not "cnficed. I^*^ .i^pj^ 
relevant to explore the influence of supply voltage scaling upon the v ix, 

CMOS inverter circuits. v V and V .. indeed show 

The expressions we havedeve!opcdinA>ssect.onforV^^.^^^^ 

that the sutic characteristics of the CMOS ^/"^^ tJe.^ Neglecting 

supply voltage without affecUng the funcuonality of he basic tfJ'cMOS 
::?jS-o«ler'effects such as subthreshold -J'^'^^f « ^.^^^^^ 
inverter will continue to operate conwtty with a supply voltage wmcn 
following limit value. 

operates as an inverter over a large range of supply votogea levels. 



InputVoltage (V) 



Figure 5.25. Voltage transl 
supply voltage levels. 



,tocha«ctensticsofaCMOSinverter.ob.ainedwlthdifferc»tpower 
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It is interesting to note that the CMOS inverter will continue to operate, albeit 
somewhat differently, even beyond the limit described in (5,85). If the power supply 
voltage is reduced below the sum of the two threshold voltages, the VTC will contain a 
region in which none of the transistors is conductiong. Hie output voltage level within 
this region is then determined by the previous state of theoutput^ since theprevious output 
level is always preserved as stored charge at the output node. Thus, the VTC exhibits a 
hyst^esis behavior for very low supply voltege levels, which is illustrated in Fig. 5.26. 
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VDD-|Vmp| 



Figur€ Voltage transfer characteristic of a CMOS inverter, operated with a supply voltage 
which is lower than the limit given in (5.S5). 



Power and Area Considerations 

Since the CMOS inverter does not draw any significant current from the power source in 
both of its steady-state operating points (V^ = and V^^ = V^^. the DC power 
dissipation of this circuit is almost negligible. The drain current that flows through the 
nMOS and the pMOS transistors in both cases is essentially limited to the reverse leakage 
current of the source and drain pn-junctions. and in short-channel MOSFETs, the 
relatively small subthreshold current. This unique property of the CMOS inverter was 
already identified as one of the most important advantages of this configuration. In many 
applications requiring a low overall power consumption^ CMOS is preferred over other 
circuit alternatives for this reason. It must be noted, however, that the CMOS inverter 
does conduct a significant amount of current during a switching event, i.e., when the 
output voltage changes from a low to high state, or from a high to low state. The detailed 
calculation of this dynamic power dissipation will be examined in Chapters 6 and 1 1. 
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set approximaiiely equal to unity. in nrevious sections, the CMOS 

of the fabrication process (creating "^^^ J^"" J^J^dc for the inverter example. 

dr«n diffusions, etc.) ^^^^Z^^i^^^on, however, CMOS 

Because of the con.plen«ntary ° Vmo^ Sistors for the same fenctlon than 

wndom logic circuits re<iuiresignifi<^ntly more tt^^ 

their nMOS counterparts. Consequentl)^,a^OS^^^^ 

thancompan.bleDMOS logiccucuits. *»"<*'^PP*^7^ togic on the other hand, is 

PMOS loffic The actual integrationJensity of nMu» 
CSJy d^S-ation and heat generation problems. 
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Assuming periodic input and output wa vefonns^ the average power dissipated by any 
device over one period can be found as foHows: 
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Effects 



Sinceduring switchings the dMOS transistor and thepMOS transistor in a CMOS inverter 
conduct cutxent for one-half period each» the average power dissipation of the CMOS 
inverter can be calculated as the power required to charge up and cliai:ge down the output 
load capacitance. 
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Figure tk2S^ Typical input and output voltage wavefonns and the capacitor cun^nt waveform 
during switching of the CMOS inverter. 



(6.67) 
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Evaluating the integrals in (6.67). we obtain 



(6.6S) 



(6,69) 



Noting tfaat/=: l/T , this ejspressioa can also be wiitten as: 



(6.70) 



It is clear that the average power dissipation of the C^MIOS inverter is proportional 
to the switching frequency / Tlierefore, the low-power advantage of CMOS circuits 
becomes less piomineot in high-speed operation, where the switching frequency is high. 
Also note that the average power dissipation is independent of all transistor characteris- 
tics and transistor sizes. Consequently, the switching delay times havesoxelevance to the 
amouQtof power consumption during the switchii^events. The reasoti for this is thtt 
switching power is solely dissipated for charging and discharging the output capacitance 
from V^^ to V^f^ and vice versa. 

F6r this rcasoa the switching power expression derived for the CMOS inverter also 
applies to all general CMOS circuits, as shown in Fig. 6.29. A general CMOS logic circuit 




Figure €,29. Generalized CMOS logic circuit. 
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consisU of an nMOS logic block between the output node and the ground, and a pMOS 
logic block between the output and V^^, As in the simple CMOS inverter case, either the 
pMOS block or the oMOS block can conduct depending on the input voltage combina- 
tion, but not both at the same lime. Therefore, switching power is again dissipated solely 
for charging and discharging the output capacitance. 

To summarize, if the total parasitic capacitance in the circuit can be lumped at the 
output node with reasonable accuracy, if the output voltage swing is between 0 and 
and if the input voltage waveforms are assumed to be ideal step inputs, the average 
switching power expression (6.70) will hold for any CMOS logic circuit. 

Note that under realistic conditions^ when the input voltage waveform deviates from 
ideal step input and has nonzero lise and fall times, for example, both the nMOS and the 
pMOS transistor will simultaneously conduct a certain amount of current during the 
switching event This is called the short-circuit cimeot, since in this case, the two 
transistors temporarily f6rm a conducting path between the Vj^^^ and the ground. The 
additional powerdissipation, which is due to the short-circuit cuirent, cannot be predicted 
by the power-dissipation formula (6.70) derived above, since the short-circuit current is 
not being utilized to charge or discharge the output load capacitor. We must be aware that 
this additional power-dissipation term can be quite significant under some nonideal 
conditions. If the load capacitance is increased, on the other hand, the short^ircuit 
dissipation term usually becomes negligible in comparison to the power dissipation 
which is due to the charging/discharging of capacitances. 

Power Meter Simutaiion 

In the following, we present a simple circuit simulation approach wliich can be used to 
estimate the average power dissipation of arbitrary circuits (including the effects of short 
circuit and leakage currents), under realistic operating conditions. According to (6.66), 
the average power dissipation of any device or circuit which is driven by a periodic input 
wa vefonn can be found by integrating die product of its instantaneous terminal voltage 
and its instantaneous terminal current over one period. If we have to determine the 
amoimt of drawn from the power supply over one period, the problem is reduced to 
finding only the time-avera^ of the power supply current, since diepower supply voltage 
is a constant. 

Using a simple simulation model called the power meter, we can estimate theaverage 
power dissipation of an arbitrary device or circuit driven by a periodic input, with 
transient circuit simulation. Consider the circuit structure shown in Fig. 6.30, in which 
a zero-volt independent voltage source is connected in series with the power supply 
voltage source V^^ of the device or circuit in question. Consequently, the instantaneous 
power supply current ip^O) which is being drawn by die circuit will also pass through the 
zero-volt voltage source, i,(r) = ip^t). 

The power meter circuit consists of three elements: a linear current-controlled 
current source, a capacitor, and a resistor, all connected in parallel. The current equation 
for the coomion node of the power meter circuit can be written as follows: 
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(6.71) 
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where C, represents the parasitic capacitance associated with each node in the circuit 
Scl^ding the output nole) and a„ represents the corresponding node trami»^n factor | 
Lociated with thatnode.HenceZ terms in theparenthesesin(ll.5)represe^^ 

amount of wWch is drawn from the power supply dunng each swtchiog evcant 

While{ll.5)isamore exact representationoftheswitchingpowerdissipationmaCMOS 

S gate. L evaluation may be relatively compUcated. Therefore, we will mamly rely 
on (1 1,4) to express the switching power dissipation in CMOS logic arcutts. 

Observations on SwUching Power tUductlon 

BxpreS8ion8(ll.4)aod(il.5) derived above for theaverageswitching power dissipaiion 
ofarOSIoicgatessuggestthatwehaveseveraldifferentmeansforreducrngthepow^^^ 
consumption-These measures mctode(i)reducUonof the power supply voltage V 
reduction of the voltage swing in all nodes. (Ui> leduction of the switchmg probabibty 
SnsS. factor) and (iv) reduction of the load capacitance. Note that the switching 
rowerdissipationisalsoalinearfuncUonofthedockfrequency.yetsimplyred^^ 
frequency would significantly diminish the overall system performance, llius. the 
rSicti^of dock ftoquency would be a viable option only in cases where the overall 
throuKhput of the system can be maintained Iqr other means- 

ThTreductionofpower supply voltageisoneofthe most widely pn«uced^^ 
for low-power design. While such reduction is usually ve^yeffective^severd^ 

issues must be addressed so that the system performance is not sacrificed. In particular, 
we need toconsider that reducing thepower supply voltagelMdstoanincre^^ 
Also.theinpmandoutput8ignallevd8ofalow-voliagccii:cmtormodule8h^^^ 
compatible with theperipheralcireuitry.inoidertommtm^^ 

The reduction of switching activity requires a detaUed amdysis of s gna transition 
probabilities, and implementation of various cireuit-level and system-level mwsures 
S^h;slogicoptimSon.useofgatedclocksignal8andprevent.onofghtcl^^^ 
the load capacitance canbe reduced by nsmgcertainchruit design styles ^^ P^ 
transistorsizing. These and other melhodsfor the reduction of switchmg power dissipa- 

Uon will be examined in detail in the following SecUons. 
Short-Circidt Power DtssipatUM 

The switching power dissipation examined above is purely due to the energy required to 
S^rge up thi parasitic iL capacitances in the cireuit. and Ae switchmg power is 
SendLofUie rise and faUtimesof the input signals. Yet. ifaC^^^^ 
logtegate) isdriven with input voluge waveforms with finite rise ajKl fall tunes. b<^^^ 

nMOS and the pMOS transistors in the clivaiit may conduct simultaneously for a short 
amountoftimeduringswitching.fbrmingadi«ctcurrentpathbetweenthepower supply 

and the sround, as shown in Fig. 11.4. - , 

T^e^rremcomponemwWchpassesthroughboththenMOSandtheJlC^de,^^^ 

duringswitchingdoes not contribute to the chargingofthecapacitanccsmthecireuit. and 
hence* it is calltd the short^cuit current component- This component is especially 
prevalent if the output load capacitance is small, and/or if the input signal rise and fall 
Smes are large, as seen in Fig. 11.5. Here, the input/output voltage waveforms and the 
components of the current drawn ftom the power supply are illustrated for a symmetrical 
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Msure 1 1.4. Both nMOS and pMOS transistor may conduct (sunultaneously) a short^iicuit 
cuixeat donng switching. 

CMOS Inverter with small capacitive load. The nMOS transistor in the circuit starts 
conducting when the rising input voltage e^iceeds the threshold voltage , The pMOS 
transistor remains on until die input reaches the voltage level (V^.^ - Thus, there 
is a tune window during which both transistors m turned on. As the ou^ capacitance 
IS discharged through die nMOS transistor, the output voltage starts to feU. The drain-to- 
source voltage dropof die pMOS transistor becomes nonzw), which aUows thepMOS 
trwisistOT to conduct as well. The short circuit cuircnt is tennlnaied when the input 
voltage transition is completed and the pMOS transistor is turned off. A simUar event is 
responsible for the short-circuit current component during the fallii^ Input transition, 
when the output voltage starts rising while both tmnsistors are on. 

Note that the magnitude of die short-circuit current component wlU be approxi- 
mately the same during both the rlsing-input transition and the falling-ic^mt transition, 
assunung that the inverto* is symmetrical and the input rise and faU times are identical. 
The pMOS transistor also conducts the current which is needed to charge up die smaU 
output Iwid capacitance, but only during the falling-input transition (die output capaci- 
tance IS disdiarged through the nMOS device during the rising-input transition). TTus 

cunem component, which isresponsiblefortheswitching power dlssipationofthecircuit 
(current component to charge up the load capacitance), is also shown in Fig. 1 IJ5, The 
average of both of thcsecurrent components determines the total amountof power drawn 
irom the supply. 

ForasiinpIeanalysisconsiderasymmetricCMOSinverterwithit„==ib :=kand VI 
« lyrj V'^ and with a very small capacirive load. If the inverter is driven with an inptit 
voltage wav<^onn with equal rise and fall dmes (t^,= T.^, - ^. it can be derived that the 
time-averaged short circuit current drawn from the power supply is 
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FigunsILS. input-cmput volt^e waveforms, the s\q)ply current used to charge up 
i^apadfttfioff iBid the short-circuit cuneni in a CMOS inverter with small capadtive load. ' 
cunent drawn fiom die power sups^y is the sum of both cunent components. 

Hence, the short-circuit power dissipation becomes 

P^{short''circuU)=~k T'fcuc '{^DD -^^^T? 

Note that the short-circuit poww dissipation is linearly proportional to the inp^ 
rise and fall times, and also to the transconductance of the transistors. Hence, 
the input transition times will decrease the short-circuit current component. 
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Input-output voltage wavefonns, the supply cunent used to chaigc up the ioad 
c^tanoe and die shmt-dicuit cumnt in a CMOS inveiter with Urgew capacttive load and smidler 
iipm transition tunes. The total cunem draw 
charge-up cuoeoL 

Now consider the same CMOS inverter with a larger output load capacitance and 
smaUcT input transition times. During the rising input tninsition, the output voltage wUI 
effectively remam at V^^ until the input voltago completes its swing and the output will 
start to drop only after the input has reached its final value. Although both nMOS and 
PMOS transistors are on simultaneously during the transition^ the pMOS transistor 
cannot conduct a significant amount of current since the voltage drop between its source 
and drain terminals is almost zero. Similarly, the output voltage will remain at approxi- 
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mately 0 V during the falling input transition and it will start to rise only after the inpttt| 
voltagecompletes its swing. Again, botli transistors will be on simultaneously dunng th*. 
inpul^oltage transition, yet the nMOStn.nsislor win not beable to condurta^^^^^ 

aroountof current since its drain-to-souree voltage is approximately ^«^-Th« simaU< 
is illustrated inFig.ll.6,whichshowsthe8imiilated input and output voltage wavefOTB 
of the Inverter as weU as the shoit-ciicuit and dynamic current components drawn tr 
the power supply.Notice that the peak valueof the supply current to ^arguptheo^^^^ 
load capacitance is larger in this case. The reason for this is that the pMOS Wmsisi 
remains in saturation during the entire input transition, as opposed to the previous ca 
shown in Fig. 11.5 where the transistor leaves the saturation region before the mf 
transition is completed. 

The discussion concerning the magnitude of the short-circuit cuirent may sugg 
that the short-circuit power dissipation can be rwduced by making the output volt/ 
transition times larger and/or by making Oie input voltage «™>s'toon times smdto^ 
this goal should be balanced carefully against other performance goals suchjc ptopag 
tion delay, and the reduction of the short-ciicuit current should be considered as one i 
die many design requirements that must be satisfied by the designer. 

Leakage Power Dii^ation 

•nie nMOS and pMOS tnmsistots used ta a CMOS logic gate generally have nonz 
revenieleakageandsubthiesholdcun«nt5.InaCMC)SVLSIchipcontain.n^^^ 
numberof transistors, diesecunentscan contribute to theoveraU power dissipation e 
when the tiansistois ate not undergoing any switching event. The magniWOe or i 
leakage currents U determined mainly by the processing P^^- 

Of the two mahi leakage cuirent components in a MOSFET. the reverse aifl 
leakage occurs when the pn-jmwtion between the drain and Ac bulk of the 
reveis-biased. The reverse^iased dram junction then conducts a reverse samraiM 
current which is drawn from die power supply. Consider a CMOS inverter wtth a W 
mput voltage, where the nMOS transistor is turned on and the output 
^charged to zero. Although the pMOS transistor is turned off. there wiU be a revefl 
potential difference of t^***" its drain and the n-weU. causing a dwde leak, 
tiuough the drain junction. The n-weU region of the pMOS transistor is also reve 
biased with K,™ witii respect to Uie p-typc substrate. Therefore^ anothwsigmfic 
leakage current component exists because of die n-well junction <Fig. 1 1-7). 

A similar situation can be observed when the input volUge is zero, and die ouj 
voltage is cbanp»i up to through the pMOS transistor. Then tiie P«^«; 
difference between die nMOS drain fegkm and the p-type substiate causes a rev« 
leakage current which is also drawn from the power supply (tiurough the pM 
transistor). 

The reverse leakage current of a pn-junction is expressed oy 
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